Abstract
Introduction

27
Rotor-stator mixers are characterized by a set of rotors moving at high speed surrounded closely by 28 a set of stationary stators (or screens). The rotors generally rotate at an order of magnitude higher 29 speed than conventional impellers in a stirred tank; typical tip speeds range from 10 to 50 m s -1 with 30 the gap between the rotors and stators generally ranging from 100 to 3000 μm. This design allows 31 the generation of high shear rates and high intensities of turbulence. The energy generated by the 32 rotor dissipates mainly inside the stator and therefore the local energy dissipation rates are much 33 higher than conventional impellers in stirred vessels (Atiemo-Obeng and Calabrese, 2004) . 34
Rotor-stator mixers are therefore widely used in the process industries including the manufacture of 35 many food (Rodgers and Trinh, 2016) , cosmetic and health care products (Savary et al., 2016) , fine 36 chemicals (Paton et al., 2014), and pharmaceuticals (Luciani et al., 2015) . The focused delivery of 37 energy and shear by rotor-stator devices accelerate physical processes such as mixing, dissolution, 38 emulsification, and deagglomeration (Cooke et al., 2008) . To allow reliable scale-up of processes 39 using rotor-stator devices we need to understand the relationship between rotor speed and the 40 energy dissipated by these devices at different scales. 41
Turbulent power for a batch rotor-stator device can be described by a single ''tank'' type impeller 42 power number, Po, equation (1) 
Materials and methods
88
Water and Silicone oils (polydimethylsiloxane, Dow Corning 200 fluid) were chosen as the Newtonian 89 fluids. The silicon oil used was either used as supplied or blended to obtain a wide range of 90 viscosities. The viscosity range of the oil supplied was 10 to 10,000 centistokes (cSt) (density of 934 91 kg m -3 for 10 cSt, 960 kg m -3 for 50 cSt, and 970 kg m -3 for greater than 350 cSt). The rheological 92
properties of the solutions were determined at a range of temperatures with a viscometer (Haake 93 RV 20) by using the standard cup and bob Couette configuration using either the MV1 or MV2 bob 94 depending upon the viscosity range. The viscosity of the Newtonian fluids ranged from 0.001 to 10 95 Pa s and the exact value was used in each of the calculations for the actual temperature. 96
Various concentrations of aqueous solution of carboxymethyl cellulose (CMC), between 1 and 1.5 97 wt%, HERCULES POWDER grade 7H4C were used as the non-Newtonian fluids. The rheological 98 parameters of these solutions were found to obey a power law, Eq. (4), where µa is the apparent 99 viscosity, α is the consistency index, ̇ is the average shear rate, and n the flow behaviour index.
100
=̇− 1 (4) temperature. There was only a very small dependency of the flow behaviour index on temperature, 102 less than 1%, therefore this was averaged out and the resulting recalculated consistency indices 103 were found to fit the collected viscosity data. 104
Power Measurement
105
The torque was measured by an in-line torque meter fitted to the drive shaft for each of the 106 systems. There are two main sources of potential error when measuring the torque on the rotor 107 shaft. Firstly, the torque sensor used was found to exhibit a slight zero drift when operating the 108
Silverson continuously over a number of hours. Secondly the sensor also measures bending 109 moments on the shaft; this measurement cancels out over the course of 1 revolution of the shaft 110 and so does not affect average shaft torque, but does make a static zero adjustment difficult. 111
To minimize these sources of error, the zero is measured before and after each run and the resulting 112 values averaged. The shaft stops in a different position after each run allowing the zero to be 113 approximated through the slight bending moments. This zero error is also reduced by using the 114 power analysis method given later in the paper. 115
The shaft torque also contain losses in the shaft bearings. These bearing losses were also measured 116 using the same methods with the shaft rotated at different speeds in air. This data yields values of 117 the lost torque, Mlosses, which are subtracted from the measured torque at the same conditions. 118
Determination of the Turbulent Power Constants
119
As previously mentioned, the turbulent regime is considered to be applicable to Reynolds numbers 120 above 10 4 (though this threshold may be higher for rotor-stator mixers). 
which can be rearranged for a straight line expression between torque and the rotor speed times by 144 the viscosity with the intercept being any error in the zero and bending moments, 145
The viscosity has been included as a variable to allow multiple viscosity oils to be plotted on the 146 same graph to allow better calculation of the laminar power constant. The other advantage of this is 147 that if the temperature varies during the experiment the true viscosity can be taken (with high 148 viscosity oils the local temperature tends to increase). 149 Figure 3 shows an example of this analysis for the L5M standard mixer with 1000, 2500, and 3800 cSt 150 silicon oils. It can be seen that the intercept is almost zero due to the methods used to take into 151 account bearing losses, zero error, and bending moments. 
The temperature needs to be controlled carefully if using this equation as the viscosity of the fluid 160 has to be assumed constant. It could be taken as a variable and multiple linear regression used for 161 the analysis if needed; however, it is more accurate to determine the power constants separately inexpression assumes a smooth transition which as we will see shortly is the case for these rotor-165 stator mixers, but may not be for other types of agitator. 166 Figure 4 shows an example of this analysis for the L5M standard mixer with 350 cSt silicon oil. It can 167 be seen that the intercept is almost zero due to the methods used to take into account bearing 168 losses, zero error, and bending moments; the curve shown is of the type y = ax 2 + bx + c. It can be 169 seen that there is a clear contribution from both the turbulent and laminar part of the equation to 170 the torque. 171 
which can be rearranged for a straight line expression between torque and the rotor speed to the 182 power of the flow behaviour index times by the consistency index with the intercept being any error 183 in the zero and bending moments, 184
The consistency index has been included as a variable to allow multiple viscosity oils to be plotted on 185 the same graph to allow better calculation of the Metzner-Otto constant. The other advantage of 186 this is that if the temperature varies during the experiment the true consistency index can be taken. 187 Figure 5 shows an example of this analysis for the L5M standard mixer with CMC solution. It can be 188 seen that the intercept is almost zero due to the methods used to take into account bearing losses, 189 zero error, and bending moment. 190 
221
The two effects mentioned above are further emphasised by data collected for the Silverson GX10. 222 When the screen is removed, the 5.88" rotor has a higher power number than the 4.5" rotor. This is 239 most likely due to the fact that the 5.88" rotor is bigger and in the same size vessel, meaning that it 240 is pumping a higher flow rate of liquid. This has also been seen for Rushton and Pitched blade 241 turbines (Bujalski et al., 1987; Chapple et al., 2002) . 242
The summary of the measured power constants for these two systems, and the additional AX3 and 243 L5M tubular systems are given in Table 2 . 244 245 affecting these constants again custom designed rotor-stator systems will be needed. 284
The turbulent power number for the rotor only case scales linearly with the ratio of the rotor to the 285 tank diameter. This is similar to trends that have been seen for other agitator systems (Bujalski et al., values in Table 2 ) suggest that there must be an effect of the holes on the power constants. For a full understanding of how all the dimensions of the rotor-stator system effect the power 296 constants further work will have to be carried out providing a bigger variation in these, e.g. rotor 297 stator gap. 298
The turbulent power number for the rotor-stator system takes a similar form to an inline rotor-299 stator system, where there is a constant term and a term that is based on the flow, 300 
The (min(hr)/D) 2 term represents the area for the flow, so is probably proportional to the flow from 301 the rotor-stator system. 302
The turbulent power number for the rotor only takes a similar form to that when the screens are 303 attached, but in this case the key parameter is the ratio of the rotor to the tank diameter. 304 = 9.28 + 1.598
